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SUMMARY

Nickel electrodes using fibrous substrates have poorer initial utilization of the active material than those
using conventional nickel sinter substrates.Previous investigatorshad shown that utilization can be dramatically

improved by dipping these electrodes in a cobalt solution immediatelyafter the electrochemical impregnation,
before formation and cycling is carried out. The present study looked at the gas evolution behavior of dipped and
undipped electrodes, impedance curves, and the charge-dischargecurves to try to understand the reasons for the
improvement in utilization.Impedancemeasurements under open circuit conditions indicate that some of the im-
provement is due to a reduction in the ohmic resistance of the surface layer of the particles, in agreement with earlier
work. The charge-discharge curves suggest that there may also be an additionalincrease in the ohmic resistance of
the surface layer of the undipped electrode during charging.

INTRODUCTION

The use of lightweight fibrous materials as substrates for nickelelectrodes in nickel-hydrogen and other
nickel batteries has met with limited success in the past. Replacement of the heavier and more expensive nickel sin-
ter substrate continues to be of interest,especially for use in space applications where low weight and high energy
density, together with long cycle life, is a primarygoal. These electrodes can potentially give much higher energy

density, even when nickel fibers are used, because substrates with much higher porosity than the standard 80 to
82 percent porosity sintered nickel electrodes allow a higher level of impregnation (refs.1 and 2). Previous work has
shown that these fibrous electrodes cannot be impregnated by the usual conditions for sintered electrodes, but ade-

quate loading can be achieved if the current densities and times are modified for each individual fiber type and
porosity (ref. 3). However, even when the proper loading is achieved, the utilization of these electrodes is very poor
for at least the first few hundredcycles, and thus the theoreticalenergy density cannot be achieved. The initial
utilization must be able to be increased if the actualenergy density of these lightweight electrodes is to be superior
to that of the standard sintered electrodes.

It has been found that dipping the newly impregnated electrodes in a solutionof cobalt nitrate can markedly
improve the initialutilization (refs. 4 to 6). In the present study, this phenomena was investigatedby studying the
oxygen evolution of both dipped and undippedelectrodes, impedances, and the charge-dischargecurves.



EXPERIMENTAL PROCEDURES

Impregnationand Formation
I

The substrate used in this investigation was Fibrex, available from National Standard Company. This
material is available with different fiber diameters, porosities, and thicknesses. It can also be made with nickel
and/or cobalt powder incorporated into the electrode in various proportions. The material used here had a fiber

diameter of 20 l.tm,85 percent porosity, and a thickness of 40 mil. The ratio of nickel fiber to metal powder was
80:20, and 15 percent of the metal powder was cobalt.

In order to compare the dipped and undipped electrodes on an equal basis and to eliminate concerns that
differences in the behavior might be due to differences in impregnationprocedure or loading level, samples of
Fibrex plaque were impregnated and then cut in half. One half was then dipped in the cobalt solution. The two
halves were then compared.

Nickel leads were spot welded to each side of a 6.35- by 7.62-cm (2.5- by 3-in.) piece of unimpregnated
Fibrex. It was then passivated in a hot water bath at 40 °C for 20 min and then dried at 350 °C for 20 min. After the
substrate was weighed, it was impregnated in an aqueousbath containing 1.5M Ni(NO3), 0.175 M Co(NO3)and

0.075 M Na.NO3at a pH of 3.0 to 3.5 and temperature of 95 °C.The pH was maintained with 1:1 HNO3,and the

solution level was maintained by additions of warm impregnation solution. The solution was stirred continuously.
A counter electrode of nickel sheet was held on each side of the working electrode at a fixed position in order to

maintain a uniform current density over the surfaceof the electrode. For this particular Fibrex structure, it has been
found that the desired impregnation level of 1.6 g/era3void can
be achieved with a current density of 77.5 mA/cm2(0.5A/in.2) for 4 hr. (The loading level is very sensitive to
changes in the Fibrex structure, and the exact impregnation conditions have to be worked out for each structure).

After impregnation, the electrode was divided into two equal pieces, and one half was soaked in a solution
of 1.8 M Co(NO3)2 for 20 min at room temperature, whereas the other remained untreated.

The electrodes were formed by charging for 16 to18hr at a C/10 rate and discharging at a rate of C/4 in
26 percent KOH to a limit of-0.20 V versus a Hg/HgO reference electrode. The initial rates were based on the theo-

retical capacity determined by the weight gain during impregnation.Two formation cycles were performed on the
electrodes used for the oxygen evolution measurementsand three on the electrodes used for the impedance and
charge-discharge curves so that the electrodes were partially conditioned, but not enough to eliminate the differences
between the electrodes at the early stages of cycling. The electrodes were then rinsed and dried in an oven for 4 to
5 hr at 60 °C, to determine the final loading level since there is a loss of some materialduring the formation
procedure.

The Hg/HgO reference electrode was constructed from heat-shrinktubing about 4 mm in diameter and
from 10to 20 cm long (The length the electrode is made depends on where it will be used.). A small plug of separa-
tor material (4 to 5 mm long) is forced into one end of the tube and the tube is shrunk enough to hold the plug in but
not enough to close the tube. A small amount of Hg and HgO is inserted into the tube and a thin Pt lead wire is
inserted. Before insertion, a short length of small diameter heat shrink tubing is sealed around the portion of the Pt
wire where the Pt wire exits the outer tube. The outer tube is then shrunk around the Pt wire.The inner heat shrink

tubing holds the Pt wire in position so that it will maintain contact with the Hg/HgO.The electrode is placed into a
jar containing the KOH electrolyte at least overnight to allow the electrolyte to wick into the tube. It is important to
keep the reference electrode in the same percent solution of electolyte in a tightly closed container when not in use.
Contamination by carbon dioxide can change the concentration of the electrolyte in the reference electrode over
time, which will change its potential. The voltages of these electrodes should be checked periodicallyagainst a
calomel electrode or a fresh Hg/I-IgOelectrode. Since the ohmic resistance within the electrode will vary depending
on the solution resistance through the plug of separator material, impedanceand charge-discharge curves were made
by using the same reference electrode.



This type of construction is useful for small containers,particularly for positioning the electrode with

respect to working electrodes, thus a reproducible internal resistance (IR) can be obtained between the reference and
the working electrode.

1

Oxygen Evolution Measurements
J

Oxygen evolution, impedance and charge-dischargemeasurements were made on a number of electrodes.
The measurements of oxygen evolutionwere made on an electrode pair that had the optimum loading of about
1.60 g/co void. The theoretical capacity of each half of this electrode after the two formation cycles was 0.88 Ah.

After formation, the pair of electrodes were cycled five times at a charge rate of C/4 plus 50 percent
overcharge and discharged at a rate of C/2 to -0.20 V versus a Hg/HgO reference electrode. The electrodes were
placed in a large glass dish containing500 ml of 26 percent KOH and connected in series to a power supply and an
All meter. An inverted funnelattached by rubber tubing to an inverted 100ml buret was placed over each electrode,
and the buret was evacuated so as to fill it with electrolyte. During the charging, the oxygen displaced the electrolyte
in the buret. The volume of oxygen evolved was recorded as a function of the Ah of charge. The charging was inter-

rupted at intervals to allow the very tiny oxygen bubbles to rise to the surface of the buret, and the buret was lightly
tapped so that bubbles would not adhere to the sides of the buret. The counter electrode was a strip of nickel placed
around the sides of the glass container so that the hydrogen generatedfrom this electrode during the experiment
would not enter the burets and interferewith the measurement of the oxygen evolution. The apparatus is shown in
figure 1.

In this cell, the reference electrode could not be placed in a reproducible position with respect to the work-
ingelectrodes. The large changes in voltage at the end of discharge could be used to determine the capacity of the
electrode, but the measurements could not be used to accuratelycompare the charge and discharge curves of the
dipped and undipped electrodes because of the large and uncertain values of the IR losses attributed to solution
resistance between the reference and working electrodes.A different cell with better control of the solution resis-
tance was used for comparing the charge-discharge curves and impedance measurements as discussed in the fol-
lowing section.

ImpedanceMeasurements

In order tocompare the charge-discharge curves on an IR-free basis, the ohmic resistances had to be
measured accurately. Impedancemeasurements were carded out to determine this, and also to find out whether there
were any differences in the kinetic resistances at high states of charge due to differences in oxygen evolution
overvoltage.

Impedancemeasurements and charge-dischargecurves were made using a prismatic cell with spacers of
plastic screen. Cutouts were made in someof the screens to position the reference, counter and working electrodes
with respect to each other so as to hold them in fixed reproducible positions. Other screens were used as separators
between the electrodes. The same reference electrode was used for both the dipped and undipped electrodes.

Impedances were measured using a 1250Solartron Frequency Response Analyzer and a Solartron 1286
ElectrochemicalInterface with ZPlot software in a Windows environment (ZWIN). The electrodes were charged at a

• C/10 rate for 16hr, then discharged to the desired voltage.Measurements were made at open-circuit voltages from
0.480 to 0.160 V versus the Hg/HgO reference electrode which covers the entire range from fullycharged to fully
discharged. Before each measurement, the electrode was held at the desiredopen-circuit voltage to equilibrate until
the current fell below about 10 mA, usually for several hours.



The impedance measurements alwaysshowed a greaterohmic resistance for undipped electrodes. The data
reported here were for a pair of electrode samples with a loading of 1.35 g/co void. The dipped and undipped por-
tions of this pair of electrodes had theoretical capacities of 0.812 and 0.708 Ah, respectively.

Charge-DischargeCurves

After the impedance measurements, the electrodes were charged for 4.4 hr at a C/4 rate and discharged at a
C/2 rate to a limit of 0.00 V versus the Hg/HgO reference electrode. (The limit of 0.00 V was used for these mea-
surements rather than the -0.20 V used in the formation and oxygen evolutionmeasurements because of the smaller
IR drop in this cell.)

A Solartron 1286 Potentiostat and CorrWin software (ScribnerAssociates) were used for data collection
and analysis.

ANALYTICAL ANALYSIS

In order to determine whether any appreciable amountof Co had been absorbed or adsorbed by the dipping

process, the electrodes were examined by AA, SEM, and EDAX. No changes in the cobalt levels were detected (i.e.,
only very small amounts were absorbed from the solution in which the electrodes were dipped). This result was
expected, since these electrodes were made from Fibrex with a large cobalt content and also were impregnated with
active material containing 10 percent Co. No changes would have beenexpected unless a very large amount of
cobalt had been absorbed.

RESULTS AND DISCUSSION

Oxygen Evolution Experiments

Figure 2 shows the oxygen evolutionfor the dipped electrode as a function of number of Ah of charge
for the five charge-discharge cycles. It can be seen that the oxygen evolution fell with successive charges and
discharges. The data are similar for the undipped electrode,but the volumesof oxygen are larger. No measurements
were taken until the first oxygen evolutionwas noticed, at about 0.40 Ah. Note that the Ah scale is not linear, but the
bar chart representation was used to better illustrate the trends in the data.The theoretical capacity of each electrode
used in the oxygen evolution experimentwith a loading of 1.60 g/co voidwas 0.88 Ah.

Figure 3 shows the volume of oxygen produced versus the fractionof theoretical capacity of the nickel
electrode for the third charging cycle. The dipped electrode does not evolve appreciable oxygen until it is about
60 percent charged, whereas the undipped electrode starts evolving oxygen when it is about 40 percent charged.
There is a good bit of scatter in the data because of the length of time that it takes for the small oxygen bubbles to
rise.It was not practical to wait more than 5 to I0 rain after each charge interval. Small amounts of oxygen may also
have been lost through the stopcock of the buret. The data for the third cycle are shown here, since there was the
best agreement between the capacity of the nickel electrode calculated from the oxygen evolution measurements and
the capacitymeasured on discharge.

The amount of charge going toward the evolution of oxygen is calculated by correcting the volume of
oxygen to standard conditions and calculating the equivalents of oxygen produced. Once this is known, the amount
of charge contributing toward charging the nickel electrode is found by subtracting the amount used for oxygen
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evolution from the total amount of charge.The utilization and charge efficiencies can then be determined. Sample
calculations are shown in tables I and II.

The utilizations of each electrode are shown in figure4 where utilization is defined as the fraction of the Ah
, contributing toward charging the nickel electrode versus the theoreticalcapacity. If the entire charge goes toward

charging the nickel electrode, the curves would follow the 100-percentutilization line. Deviations from this line
indicate the amount of charge going towardoxygen evolution. The utilization can also be calculated as the fraction

, of Ah withdrawn on discharge versus the theoretical capacity. There was good agreement between the utilizations
determined during charge and those during discharge.

Overall charge efficiency is defined as the Ah used to charge the nickel electrode divided by the total Ah of
charge input. Incremental charge efficiencyis the percent of charge in an interval that contributes toward charging
the nickel electrode.

TABLE I.---CALCULATIONOF UTILIZATIONAND CHARGEEFFICIENCYFOR UNDIPPEDELECTRODEFROM 02 EVOLUTION
MEASUREMENTS.(THIRDCYCLE,THEORETICALCAPACITY0.88 Ah)

Ah Fraction of Volume Volume Calculated Ah Ni= Utilization = Overall charge
charge theoretical 02 02 at Ahused for Ah charge AhNi/ efficiency and

capacity added evolved, standard 02 - Ah 02 theoretical incremental charge
cc temperature evolution evolution capacity efficiency, percent

and pressure,
cc
(a)

0.00 0.00 0.0 0.0 0.00 0.00 0.00

0.42 0.48 0.2 0.2 0.00 0.42 0.47 100, 100

0.63 0.71 17.0 16.0 0.07 0.55 0.63 87, 64

0.84 0.95 55.3 51.9 0.248 0.59 0.67 70, 18

0.94 1.07 75.6 71. I 0.340 0.60 0.68 64, 13

1.00 1.13 86.0 80.8 0.387 0.61 0.69 61, 11

1.05 1.19 98.2 92.3 0.441 0.61 0.69 59, 0

1.10 1.25 1I0 104 0.497 0.60 0.69 55, -1

1.15 1.30 123 116 0.554 0.60 0.68 52, -1

1.20 1.36 133 125 0.600 0.60 0.68 50, 1

1.26 1.43 145 136 0.650 0.61 0.69 48, 5

(alThe oxygen volumewas correctedforthe watervaporpressureoverKOH.



TABLE II.--CALCULATION OF UTILIZATIONAND CHARGEEFFICIENCYFOR DIPPEDELECTRODEFROM 02 EVOLUTION
MEASUREMENTS. (THIRD CYCLE, THEORETICAL CAPACITY 0.88 Ah)

Ah Fraction of Volume Volume Calculated Ah Ni = Utilization = Overall charge
charge theoretical 02 02 at Ahused for Ahcharge Ah Ni/ efficiency and

capacity evolved, standard 02 evolution - Ah 02 theoretical incremental charge •
added cc temperatureand evolution capacity efficiency, percent

pressure,
cc
(a)

0.00 0.00 0.0 0.0 0.00 0.00 0.00

0.42 0.48 0.0 0.0 0.00 0.42 0.47 100, 100

0.63 0.71 0.6 0.56 0.00 0.63 0.71 100,99

0.84 0.95 21.2 19.9 0.I0 0.74 0.84 88,56

0.94 1.07 40.9 38.4 0.18 0.76 0.86 81, 15

1.00 I. 13 51.9 48.7 0.23 0.76 0.86 76, 6

1.05 1.19 62.5 58.8 0.28 0.77 0.87 73, 9

1.10 1.25 76.0 71.4 0.34 0.76 0.86 69, -16

1.15 1.30 86.4 81.2 0.39 0.76 0.86 66, 11

1.20 1.36 97.4 91.5 0.43 0.77 0.87 64, 5

1.26 1.43 110 103 0.49 0.76 0.87 60, -4
(a_TheQxygeu volume waxcorrected forthe water vapor pressureover KOH.

It has been theorized that the greaterutilization of dippedelectrodes is due to formation of a more conduc-
tive film on the surface of the active material (ref. 7). It is also possible that there is a greater oxygen overpotential
in the dipped electrodes causing a decrease in oxygen evolutionas is suggested by the results of Haenen et al.
(ref. 8). (However, other workers have seen an increase in oxygen evolution on cobalt oxide deposited on NiO
(ref. 9).) Impedance measurements were performed to look at the ohmic resistances and the kinetic resistances of
the electrodes to help determine the reasons for the differences.

Complex plane plots for the dipped and undipped electrodes at 0.440 V versus Hg/HgO, a potential where
small amounts of oxygen are being evolved, are given in figure 5. When the electrodes were held at this voltage
before the impedance measurements, the steady state currents were about 0.2 mA/cm2.

Analysis of these types of plots is difficult and has not been carded out as yet. Curves with inductive
portions such as those with loops going into the positive Z' portion of the curve are usually interpreted as indicating
adsorption on the electrodes. More directmeasurements such as Tafel slopes are needed in order to determine how
the cobalt dip has affected the oxygen evolutionpotential.

Typical examples of plots at intermediateand low states of charge (0.290 and 0.220 V) are shown in
figures 6 and 7. The plots at these voltages can be interpreted simplistically in terms of the simple equivalent circuit
shown in figure 8 (ref. 10).Note that the scale of the plots increases as the voltage is lowered.

The ohmic resistances, except at the very highest potentials, average about 6.51 mfl for the dipped
electrode and 9.05 mfl for the undipped electrode.It is clear that the cobalt has reduced the ohmic resistance, and
since the solution resistance could notbe affected, this must be due to the formation of a more conductive surface

film on the active material as theorized by Oshitani, et al. (ref. 7).



The kinetic resistances in the undipppedelectrode are also larger than for the dipped electrode, although
there is a lot of scatter in the data for the undipped electrode. The increased kinetic resistances are probably due to
the fact that, after the few cycles have taken place, there is a smallerproportion of activematerial in the undipped
electrode than in the dipped electrode.This may affect the rate of proton diffusion through the active materialand
thus the rate of electrode reactions.

Figures 9 and 10 are the charge and dischargecurves for the two electrodes uncorrected for IR losses,
whereas figures 11 and 12 are corrected for IR losses. In the latter figures, the voltages are plotted against state of
charge (determined using the experimentaldischarge capacitiesrather than the theoretical capacities). The capacities
of the dipped and undipped electrodes (the same electrodes were used for the impedance measurements with a
loading of 1.35 g/co void) at this point are 0.584 and 0.447 Ah, respectively.Comparing this against the theoretical
capacities of 0.812 and 0.708 Ah gives utilizationsof 72 and 63 percent, respectively.

Correctingfor the IR losses andexpressing the data in terms of the state of charge reveals that the discharge
curves for the dipped and undipped curves are very similar, but the charging voltages for the undipped electrode are
still considerably higher. Thus the differences cannot be ascribedcompletely to the differences in ohmic resistance.
The difference in voltage is about the same over the whole state of charge, not just at the higher voltages where
oxygen is being evolved. Whether this is due to an increase in the ohmic resistance of the surfacefilm during
charging or whether it is due to changes in oxygen overvoltage is unclear and needs further experimental analyses.

Experimentson OtherElectrodes

Cobalt dipping was performed on various electrodes that had been cycled extensively to determine whether
performance could be improved, butno improvementwas noted. Experimentswere also performed on some elec-
trodes that had been formed and stored after impregnationbut not cycled, with no improvement.

CONCLUSIONS

Dipping electrodes in a solution of cobalt nitrate immediatelyafter impregnationhas previously been
shown to improve the initial utilization of the electrodes. The effectwas studied by comparing the quantity of
oxygen evolved during the early cycles for both dipped and undipped electrodes and by examining the impedances
and charge-discharge curves of these electrodes.The ohmic resistances of the dipped electrodes were smaller than
those of the undipped electrodes,confirming previous studies that the cobalt on the surface produces a more
conductive surface film. This reduces the IR losses duringcharge alIowing less oxygen evolution and greater
utilization of active material. This cannot account for all of the voltage differences.The kinetic resistances are
higher for the undipped material, which is probably due to the higher proportions of inactive material in the
undipped electrodes at this early stage of cycling. This would lead to slower rates of diffusion of protons and thus
lower rates of reaction at these early stages of cycling. There may be additional effects caused by changes in the
oxygen overvoltage with dipping, but the impedance data at high states of charge are not conclusive.The possibility
exists that during charging, theresistance of the surface film increases in the undipped electrodes. This would not be
observed during these impedance measurements which were done under open-circuit conditions.

Dipping in the cobalt solution to increase the utilization is apparently only effectivein the early phases of
cycling, since there was no effect on the electrodes that had previously been formed or cycled. Since undipped
electrodes eventually improve in utilization so that they are comparable to dipped electrodes, either the surfaceof
the dipped electrode changes with cycling by loss of the very small amount of cobalt on the surface or else the
undipped electrode surface increases in conductivity and/or increases the oxygen overvoltage.
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